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The  bacteriophages  of  ~-hemolytic  streptococci  studied  by  Evans  (1-4) 
were classified into several races or types. It is clear from this early work that 
the phages demonstrated some degree of specificity for streptococcal groups. 
For instance, a bacteriophage which lysed almost all group C streptococci did 
not lyse group A streptococci. However, much of this work was done prior to 
the serologic classification of hemolytic streptococci into groups on the basis 
of their group-specific carbohydrate, and the later separation of group A strep- 
tococci into numerous types on the basis of the type specific M  protein (5). 
It was of interest, therefore, to reinvestigate the bacteriophages of hemolytic 
streptococci in the light of current knowledge. 
Since this work was begun, Maxted (6) and Kjems (7) have reported recent studies 
with these phages.  Maxted investigated four group A phages,  identical with those 
used  in the present study, and his findings indicated that they are not specific for 
their propagating  type strains.  He demonstrated  the  role of the  hyaluronic acid 
capsule  by showing  that  mucoid encapsulated  strains  which  were  phage-resistant 
could be rendered sensitive  by the use of hyaluronidase.  Kjems was able to obtain 
bacteriophage from many  strains  isolated  from  the  oropharynx of patients  with 
streptococcal sore throat, thus indicating the existence of lysogenic streptococci. 
The specificity of the streptococcal phages for their respective homologous serologic 
group and  type of  streptococci was investigated in the present study. The initial 
experiments on host range support the view that the  specificity  of the phages  is 
determined in part by the serologic group of the hemolytic streptococci.  The work of 
many investigators (8) has indicated that a specific constituent of the bacterial cell 
surface  can be identified  as a phage inhibitor and therefore presumably the attach- 
ment site for the infecting phage. Much information concerning  the antigenic and 
chemical composition of the streptococcal cell wall is now available  as a result of the 
studies of Lancefield (5) and McCarty (9, 10) and it has been found that the C carbo- 
hydrate which determines the serological group of streptococci comprises at least 50 
per cent of the cell wall. In view of this fact, experiments were conducted to determine 
whether this constituent of the cell surface plays the role of a phage receptor. 
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The  work  reported  demonstrates  quite  clearly  that  group  C  phages  are 
inactivated  by  the  chemically  purified  cell  wall  carbohydrate  of  group  C 
streptococci, indicating it may serve as the locus of phage attachment. As yet 
it is not clear which  component of the group A  streptococcal cell wall plays 
this role in the case of group A  bacteriophages. 
Finally, evidence will be  presented  showing  that  following phage  lysis of 
streptococci  the  group  carbohydrate  antigen  can  be  identified both in the 
centrifuged  sediment  and  the  supernatent  of a  lysate,  thus  indicating some 
dissolution of the cell wall during lysis. Furthermore,  it has been found  that 
fresh phage lysates of group C  streptococci are capable of causing rapid lysis 
of groups A  and C  streptococci and of their isolated cell walls. This process is 
presumably enzymatic in  character and  also results  in  the  release of group 
carbohydrate into solution. 
Materials and Methods 
Bacteriophages.--Bacteriophages labelled A1, A6, and A25 were obtained from DR. W. F. 
Goebel, and phage A12 from Dr. C. H. Rammelkamp. Originally  A1, A6, A25, and C1 phages 
had come from W. R. Maxted. The designation A1 refers to the fact that the indicator strain 
used in propagation of the phage is a group A, type 1 streptococcus.  Similarly A6, A12, and 
A25 are propagated in group A, type 6, group A type 12 and group A type 25 respectively. C1 
bacteriophage is active against most strains of group C streptococci. Stock phage lysates were 
prepared in Todd-Hewitt broth. 
Strains of Streptococci.--Stock  phage lysates were  prepared with the following  strains: 
strain 1RP80 (group A, type 1) for A1, strain T12 (group A, non-typable variant of type 12) 
for A12 and strain T25 (group A, type 25) for A25. These strains were from The Rockefeller 
Institute collection. A6 lysste was prepared with strain 8709 (group A, type 6) and CI lysate 
with strain 4540 (group C). These two strains were received from W. R. Maxted. 
Todd-He~.4U Broth.--This beef heart infusion was prepared as described (11). 
D~ysate Me.dia.--In order to obtain satisfactory  plaque formation with hemolytic strepto- 
cocci, it was necessary to use specially  prepared agar media. The nutrient broths of these agar 
media contain two major components;  a concentrated dialysate of beef heart infusion and n 
dialysate  of peptone. The medium for group C phage differs from that used for group A phages. 
Essentially this difference is that the group A medium is made with neopeptone  (Difco), while 
the group C medium contains a  much larger quantity of a different  peptone (Pfanstichl). 
Finally, for the preparation of agar plates, 2.4 per cent melted agar is combined with an equal 
volume of the dialysate broth. The medium used in the preparation of agar plates for plating 
group A and group C phages are designated medium A and medium C respectively.  The prepa- 
ration of the dialysate broth is by a method published by Dole (12). 
The dialysate beef heart infusion concentrate is prepared as follows. Ten pounds of ground 
lean fresh hearts is stripped of all fat, and infused overnight at 4°C in 2 liters of tap water. The 
following morning, the infusion is brought to 850C., removed from the flame, and after cooling 
for 45 minutes,  filtered through falter paper. The infusion is concentrated down to 300 co. in 
~acuo and dialyzed three times for 12 hours against distilled water. The three dialysates are 
combined, concentrated down to about 400 cc. in racuo and stored in the frozen state. One-for- 
tieth of a lot makes 1 liter of medium A and one-twentieth of a lot makes 1 liter of medium C. 
Two liters of medium A are prepared by the following procedure. Fifty gin. of neopeptone, 
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filter eel, and cooled to room temperature. To this neopeptone are added  ~0  of a lot of beef 
heart concentrate, 4 gin. of NaC1, and 2 gin. of dextrose. The pH is adjusted to 7.5 with NaOH 
and the volume brought up to 1 liter. This completed broth is filtered through a  Coors P3 
filter for sterilization and stored at 4"C. The final medium is prepared from this concentrated 
broth by the addition of 1 liter of melted agar at the time of pouring plates as described below. 
Medium C used for preparation of agar plates for group C streptococci is made as follows) 
To make 2 liters of medium C, 250 gin. of Pfanstiehi peptone and  10 gin. of charcoal are 
heated in 400 co. of distilled water to 80°C.  for 15 minutes, and while hot, filtered through 
filter eel. The solution is then dialyzed two times for 18 hours against 400 cc. of distilled water. 
The dialysate is readsorbed with 42 gin. of charcoal by heating to 80°C., filtered through filter 
eel, and cooled to room temperature. To this dialysate is added  H0  of a  lot of beef heart 
infusion extract, 10 gin. of dextrose, and 9 gin. of NaC1.  After the pH is adjusted to 7.5, the 
volume is brought to  1 liter with distilled water. The complete broth is filtered through a 
Coors P3 filter and stored at 4°C. This broth is then mixed with one liter of melted agar just 
before agar plates are prepared. 
Preparations of Agar Platos.--Agar  plates are prepared as follows. Agar is dissolved in dis- 
tilled water at 2.4 per cent concentration, the pH adjusted to 7.5, and sterilized in the auto- 
clave. For each liter of agar medium, 500 cc. of 2.4 per cent melted agar at 50°C.  is added to 
500 co. of dialysate broth to which had been added 2 gln. of NaI-ICOs.  The NaHCO~ is dis- 
solved in a small volume of broth, candle-filtered, and added to the broth just before use. The 
buffered dialysate broth is brought to 46"C. before it is mixed with the equal volume of agar. 
About 35 cc. of agar medium is dispensed into Petri dishes. 
Agar medium for the soft agar layer is prepared in a similar way except that 1.2 per cent 
agar in distilled water is used instead of 2.4 per cent agar. This agar medium for the soft layer 
with a  final agar concentration of 0.6 per cent is prepared just before use and kept liquified 
at 46°C. 
Plating and Counting Bacteriophage.--The soft agar layer method of plating phage and 
streptococci is used to demonstrate plaque-forming particles (13). The streptococci used for 
plating are grown on agar slants of dialysate medium for 18 hours, washed off with 5 cc. of 
broth and 0.1 ec. of this bacterial suspension added to the tubes of soft agar at the time of 
plating. 
In some experiments, hyaluronidase  2 was incorporated into the agar plates. When this was 
done, the final concentration of hyaluronidase in both the nutrient and soft layers of the plate 
was 0.2 rag. per ce. 
Phage Dilutions.--The broth used for phage dilutions was prepared by mixing equal vol- 
umes of dialysate broth with sterile distilled water. For this purpose the broth of medium A 
was used for group A phages, and the broth of medium C for group C phage. 
Streptococcal Grouping and Typing.--Extraction  of intact streptococci or  cell walls was 
done by the Streptomyces albus enzyme procedure (9)  or dilute HC1.  Serologic identification 
of extracts was done with ring tests or capillary tube precipitin tests (14) using streptococcal 
group and type-specific rabbit antisera. 
Bacteriophage Antibody.--Phage antibody was prepared by injecting rabbits with stock 
phage lysates made as outlined above. For each phage, two rabbits were injected intraven- 
ously with 5 cc. of lysate three times a week for 4 weeks. At the end of the 5thweek, 50 cc. of 
blood was collected from each rabbit, and the antisera stored at 4°C. Normal sera were ob- 
tained on all rabbits prior to administration of phage lysates. 
1 The broth in this medium was made by a modification of a procedure devised by Dr. L. W. 
Wannamaker. 
Hyaluronidase,  bovine  testes,  Worthington Biochemical  Corporation,  Freehold,  New 
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Preparation of Cell Wal/s.--The cell walls were prepared by the method of Salton (15) in 
which the streptococci,  following  several washings in distilled water, are disrupted in a Miclde 
disintegrator. The cell walls are separated from the remaining cellular material by centrifuga- 
tion, washed four times with distilled water, and finally stored as an aqueous suspension 
at 4°C. 
Preparation of Cell Wall Carbokydrates.--FoUowing  treatment of cell walls with the Strepto- 
myces albus enzymes, the group-specific  carbohydrates were prepared by methods previously 
described by McCarty (10). 
Analytical Metkods.--Quantitative hexosamlne determinations were done by a modifica- 
tion of the Elson and Morgan procedure (16). Methylpentose was determined by the method 
of Dische and Shettles (17). 
EXPE~  r~[I~.NTAL 
Pla~e  For~tion--The  production  of  a  luxuriant  growth  of  hemolytic 
streptococci in surface agar layers suitable for the formation of distinct phage 
plaques proved to be a  special problem. While Todd-Hewitt broth is usually 
excellent for the growth  of streptococci, as  the sole nutrient  source in agar 
plates it does not support the production of a satisfactory bacterial lawn and 
visible phage plaques.  For this reason, methods were devised for the use of 
dialysate  beef  infusion  media  which  consistently  supported  good  bacterial 
growth and distinct phage plaques. The A1 and A6 phage plaques were 1 to 
2 ram. in diameter and the A12 and A25 phage plaques 2 to 4 rnrn. in diameter 
when the medium A was used, but no plaques formed on medium C. Plaques 
of C1 phage were 3 to 4 turn. in diameter when plated on medium C. 
Specificity of the Phages for the Streptococcal  Serologic  Groups  and  Types.- 
The five phages studied here were propagated through strains in their respective 
streptococcal group  and  type;  however,  preliminary  experiments  indicated 
that the group A phages would form plaques on heterologous types of group 
A streptococci. An experiment was designed, therefore, to determine the speci- 
ficity of these phages for their homologous streptococcus as well as the extent 
and degree of cross-reactions. 
The strain of streptococcus which was being checked for phage lysis was plated by the soft 
agar layer technique. Tenfold serial dilutions were made of A1, AS, A12, A25, and C1 phage 
lysates so that the 10  -e dilution contained 500 plaque-forming  particles per cc. when plated on 
the indicator strain. One-hundredth  of acc. of each of the dilutions from 10  -1 to 10  ~  of each 
lysate was spotted on the soft agar layer and the plates were then incubated overnight. The 
highest dilution of each lysate which caused unequivocal  lysis of the test strain of streptococcus 
was noted. 
This method permitted a rapid screening of many streptococcal strains for 
their ability to  support  plaque  formation by homologous and  heterologous 
phages. Table I  indicates the number of strains of group A, type l, 6, 12, and 
25 and group C streptococci checked for phage lysis. Of the 48 group A strep- 
tococcal strains,  32  were lysed by homologous type phages,  and  16  strains 
were not  lysed.  However, the group A  phages  were not  uniformly specific, ~C~nP.D  M.  mUSE  369 
since 24 strains were lysed by one or more heterologous phages. In general, a 
test strain would bylysed  by the 10  -~ or 10  -6 dilution of homologous type phage 
but only by 10  -2 to  10  -8 dilutions of the heterologous type phages; however, 
some strains were lysed by the 10  -6 or 10  -s dilutions of both the homologous 
and heterologous type phages. It was clear that group C  phage had no activ- 
ity on group A streptococci and dee versa. 
In addition, 25 strains of various other types of group A streptococci were 
checked for lysis by the four group A  phages,  and several strains of other 
streptococcal groups were also checked by the group A phages and group C 
phage. No lysis was noted. 
TABLE I 
Lysis of fl-HemolytH S~eptococci by Homologous and Hetcrologous Bacl~ophages 
Hemolytic streptococcus 
Group  Type 
A  1 
A  6 
A  12 
A  2.5 
C 
Number of 
strsins 
16 
15 
9 
8 
I0 
Homologous phage 
Lysis  No lysis 
7  9 
13  2 
7  2 
5  3 
9  I 
Lysis by one or 
more heterologous 
group A phages 
7 
11 
1 
5 
While this method of screening streptococci for phage activity permitted a 
survey of a large number of cultures, it did not provide an accurate quantitative 
estimate of the cross-reaction between streptococci and heterologous phages. 
The primary reason for this is that the technique of spotting drops of lysate 
on the surface of an agar plate is not an efficient method of plating. Therefore, 
dilutions of A12,  A25  and C1  phages were plated by the standard soft agar 
layer procedure on hyaluronidase agar plates with the homologous and heterol- 
ogous streptococci T12, T25/41 and 4540 (group C). The results are recorded 
in Table IL A considerable degree of cross-reactivity of A12 and A25 phages 
is apparent, and yet it is evident that there was a  marked specificity of the 
phages for their homologous streptococcal group even though C1  phage did 
form plaques on T25/41  when plated in high concentration. However, these 
plaques were small and indistinct, and thus far attempts to propagate phage 
from these plaques in broth cultures of strain T25/41 have been unsuccessful. 
Since the group A  phages showed a  limited type specificity, and since M 
substance accounts for the serological type specificity of streptococci, the group 
A  streptococcal  strains listed in Table  I  were  checked for the  presence  or 
absence of M  substance by the routine acid extraction procedure. Table III 
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TABLE II 
Variation in Plaque Cour~ with Phages Plated on Homologous and Heterologous 
Hemolytic Streptococci 
,!Strept°c°ccus  Plaque  count  per  cc.  of  dilutions  Phage 
I0  -~  10-s  lif t  101  101  I0  -~ 
A1 
A2 
C 
Type 12 
Type 25 
Group C 
Type 12 
Type 25 
Group C 
Type 12 
Type 25 
Group C 
lO-1 
++++ 
++++ 
0 
++++ 
++++ 
0 
0 
++ 
++++ 
++++ 
++++ 
0 
+++ 
++++ 
0 
0 
335 
++++ 
++++ 
++++ 
0 
++ 
++++ 
0 
0 
37 
++++ 
++++ 
++ 
0 
138 
++++ 
0 
0 
0 
++++ 
+++ 
134 
0 
12 
++ 
0 
0 
0 
++ 
++ 
12 
0 
0 
166 
0 
0 
0 
270 
79 
0 
0 
0 
27 
0 
0 
0 
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-'l--t-, plaques too numerous to count. 
q-q-q-, Almost complete lysis  of the plate. 
q-q-q--k, complete confluent lysis  of the plate. 
TABLE III 
Bacteriophage Lysis of "M" and "Non-M" Variants of Group A E-Hemolytic Streptococci 
Streptococcal  types  Lys|s  No lys~ 
Type  1 
Type  6 
Type 12 
Type 25 
M 
Non-M 
M 
Non-M 
M 
Non-M 
M 
Non-M 
11 
2 
2 
2 
3 
All the strains were from The Rockefeller Institute collection. At the time of the initial 
isolation they were grouped and typed as indicated in the left column.  Since isolation these 
straln.~ have been stored in the dried state and during this time some of them lost M sub- 
stance. Such strains are listed as non-M variants. Those strains which retained M substance 
are listed under M. 
M  substance of a  strain and its susceptibility to phage lysis. Both the M  and 
the non-M variants were lysed by the bacteriophage. 
The Inhibition of Phage Infection  by the Hyaluronic Acid Capsule.--It has 
been shown by Maxted (6) that the hyaluronic acid capsule of streptococci can RIC~APm ~r.  KRAVS~.  371 
inhibit the interaction between phage and bacterium. This phenomenon was 
also encountered in the present study. For example, several strains included 
in Table I which had been phage-resistant became phage-sensitive when plated 
in a  medium to which hyaluronidase had been added. When passed through 
mice, non-encapsulated strains of streptococci frequently become encapsulated, 
grow as large mucoid colonies on blood agar plates, and generally appear to be 
phage-resistant, even though the parent strains are lysed by phage. When the 
encapsulated forms are plated on agar with hyaluronidase, they are readily 
lysed by bacteriophage. Table IV indicates several examples of mouse-passed 
strains which became sensitive when grown on hyaluronidase agar plates. 
TABLE IV 
Bacteriophage Lysls of Hemolytic, Streptococd before and  after Mouse  Passage 
Strain*  Streptococcal  Mucoid  Lysis on  Lysls  on  plain  hyaluronidase 
type  colonies  agar plates  agar plates 
$43 
$43/100 
TI2 
T12/36 
T25 
T2S/41 
K43 original 
K43 variants 
NT 
6 
NT 
12 
NT 
25 
0 
÷ 
0 
÷ 
÷ 
÷ 
÷ 
0 
+ 
0 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
* The number of mouse passages are indicated by the number after the diagonal line. 
The designation NT indicates an extract of the strain did not react with the available 
typing antisera. 
This strain was obtained by passage of K43 through rabbits. It became group A variant 
rather than group A. See McCaxty and Lancefield  (18). 
An additional indication of the role of the hyaluronic acid capsule comes from 
the fact that phage-resistant variants isolated from plates after exposure to 
large concentrations of phage are commonly  heavily encapsulated. For example, 
a  phage-sensitive strain of streptococci, T25/41, was plated on agar plates and 
seeded with homologous A25 lysate in such concentration to produce confluent 
lysis after 18 hours' incubation. Isolated large mucoid colonies were picked 
and restreaked on sheep blood plates where they developed into large mucoid 
colonies.  These  encapsulated variants  were  serologically identical  with  the 
parent glossy strain, but they were lysed by bacteriophage only when grown 
on agar plates with hyaluronidase. 
Lysogeny.--Several  strains of various types of group A  streptococci were 
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Strains of streptococci were grown for 6 hours in 5 cc. of dlalysate broth, centrifuged, and 
the superuate decanted. Dilutions of this material were plated in soft agar plates with T12 
and T25/41 as indicator strains. These strains were used since they were frequently lysed by 
heterologous phages. Following incubation for 18 hours, the plates were observed for plaques. 
The type distribution of 57 strains  checked in this fashion is indicated in 
Table V. Twelve strains were shown to be lysogenic. Phage from the lysogenic 
types 18 and 19 streptococci formed plaques only on strain T25/41. Some effort 
was made to find phage-sensitive strains of types 18 and 19, but this was un- 
successful.  Plaques formed by the phages from all the lysogenic streptococci 
were small with a diameter of about 1  ram. Plaques from each strain were picked, 
TABLE V 
Strains* of Group A ~-ttemoIytic Streptococci Checked  for Lysogeny 
Streptococcal type  Number of strains  Number of lysogenic  strains 
1 
6 
12~ 
18 
19 
1 
9 
4 
12 
26 
The bacteriophage from types 18 and  19 lysogenic streptococci formed plaques only on 
strain "125/41. 
* Forty-four of these strains were supplied  by Dr. Harold Houser,  Sampson Air Force 
Base,  New York.  They had  been isolated from Air Force recruits with streptococcal sore 
throats  or acute respiratory disease. 
~: Three of these strains were isolated from patients with acute hemorrhagic glomerulo- 
nephritis. 
suspended in broth, diluted in a tenfold serial fashion, and plated on the appro- 
priate streptococcal strains.  The 10  -~ or 10  -8 dilutions of these plaque suspen- 
sions contained plaque-forming particles, thus indicating that the initial small 
irreguiar plaques contained phage.  As would be expected, the lysogenic type 
12 strains were resistant to A12 phage. 
Bacteriophage Inactivation with Phage Antibody--Extensive  work with  other 
phage  systems has  shown  that  bacteriophages  are  antigenic.  Furthermore, 
phages are neutralized by their homologous antiserum as well as by the anti- 
sera  of related  phages.  Antisera,  prepared  by injecting  rabbits  with  phage 
lysates,  were used in  experiments  to demonstrate  inactivation  of phage by 
homologous and heterologous antisera. 
The protocol for phage inactivation studies was essentially as outlined by Adams  (19). 
Phage lysates were diluted in dialysate broth to approximately 1 X  l0  T  plaque-forming part.i- 
des per cc. One-tenth cc. of phage dilution was added to 0.9 cc. of the antiserum also diluted 
in broth  so that  the final antiserum  dilution in the phage-antibody mixture was  1:100 or RICHARD M,  KRAUSE  373 
1.0 
0.1 
1:1000. The m/xture was incubated at 27°C. and 0.1 cc. samples were withdrawn at intervals 
and diluted into 9.9 cc.  of dialysate broth.  This sample or dilutions thereof were plated to 
determine the titer of bacteriophage in the phage-antibody mixture. 
Most of the experiments to be reported were done with phage A12, A25, and 
C1  and  their  respective antisera.  Preliminary  tests  indicated  phage  inacti- 
vation with a 1:1000 dilution of antisera. Rabbit sera obtained prior to lysate 
inoculation did not inactivate phage. 
Text-fig.  1 shows the inactivation of A12, A25 and C1 phage by the 1:1000 
dilutions  of their  homologous and  the heterologous antisera.  The  plots are 
the ratios of the plaque counts at time t over the plaque counts at time zero 
A25 Phage  Antiset~um 
diluted  i:I000 
I  I  I  i  I 
0.01  10  15  20  25  30 
-A 12 Yha@e  Antiserum 
diluted l:1000 
Cl Phage  Antiseeum 
dilu%ed  1:1000 
A25 phage  2 phage 
t  I  I  I  t 
5  10  15  20  25  50 
]V~inule5 
A12 phoge 
;  t  c 
A25 pha£e 
1 phage 
I  I 
5  10  15  20  2~5  50 
TExT-Fro. 1. Neutralization of A12, A25, and C1 phage by homologous  and heterologous 
phage antiserum. 
charted logarithmically.  It is clear that A12 and A25 phages were inactivated 
by both A12 and A25 phage antisera, but not by C1 phage antiserum. The C1 
phage is inactivated by C1 phage antiserum  but not by the group A phage 
antisera. During the same 30 minute period, control tubes of phage in a 1:1000 
dilution  of normal  rabbit  serum revealed no  decrease in phage count.  Pre- 
liminary studies with A1 phage antiserum indicated it inactivated A1, A12, 
and A25 phages,  but not C1 phage.  Thus,  the phage antisera  appear to be 
group-specific but show no type specificity within group A. 
Since  the phage lysates used for rabbit injection contained group-specific 
streptococcal carbohydrate,  the rabbit antisera were tested for carbohydrate 
antibody by the standard ring test procedure. However, there was no indica- 
tion that the rabbit phage antisera contained carbohydrate antibody. 
Phage Inactivation by Streptococcal Products.--Serologically, there are many 
types of group A  streptococci with a  specific surface protein for each type. 374  BACT~.RIOPIIAGES  OF HEMOLYTIC  STI~EPTOCOCCI.  I 
The groups A and C carbohydrates are the common antigenic constituents of 
all groups A  and C  streptococci respectively. In each case, the carbohydrate 
is a  major constituent of the bacterial cell wall.  The specificity of the bac- 
teriophages for their homologous streptococcal group suggested that the carbo- 
hydrate may serve as the receptor site on the cell surface for phage attachment. 
Experiments were devised therefore, to test the  effect of isolated cell walls 
and cell wall carbohydrate in phage inactivation experiments. 
Streptococci  were broken up by the Mickle disintegrator and the cell walls separated by 
differential centrifugation. This material after repeated washings appeared free from other 
particulate material when examined  under the phase microscope.  The cell  walls were suspended 
i0 
0.1 
Pt 
Pc 
0.01 
0.001  ! 
i  i  t 
15  30  45  fi0 
Time in mirmte9 
The first series of experiments were performed with C1 phage and group C 
streptococci. Text-fig. 2 shows the inactivation of C1 phage by group C  cell 
walls. The results are recorded as the ratio of the plaque counts at time t over 
the plaque counts of the broth control. In 60 minutes, this ratio dropped from 
1.0 to 0.001.  Since the ratio of phage to cell walls was at least 1 to 10, it  is 
unlikely that the fall in phage titer was due to adsorption of more than one 
phage onto one cell wall. The titers in the control tubes were constant through- 
out the 60 minute period. 
in  dialymte broth so that there  were at  least  i0  s  cell  walls  per cc.  One tenth  of  a cubic centi- 
meter of  phage lysate  diluted  to contain about i X  107 plaque-forming particles  per cc.  was 
mixed with 0.9  cc.  of  the  cell  wall suspension,  incubated  at 37°C. and sampled at  intervals  in 
the same fashion  as described  for  the antibody studies.  Control tubes contained heterologous 
cell  walls  and plain  dialysate  broth, 
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Crude S.  a/bus  enzyme extracts of the group A  cell walls were prepared 
which gave a strong precipitin reaction with group C antiserum. In experiments 
designed as described  in the foregoing experiment, group C phage was inacti- 
vated by the enzyme extracts. The phage titer fell nearly 2 log units in 30 
minutes. However,  in the control tube of C1 phage and S. a/bus enzyme there 
was a fall in titer in 6 to 8 hours, suggesting that this enzyme slowly inactivated 
bacteriophage. These preliminary studies indicated that a  complex mixture 
containing the  group  C  carbohydrate inactivated  C1  phage.  Furthermore 
this reaction was group-specific,  thus suggesting  that the carbohydrate was 
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Tsx'r-Fio. 3. Inactivation  of C1 phage by C carbohydrate  of group C streptococci 
the active agent in the crude extracts of the streptococcal  cell wall. Therefore, 
the isolated carbohydrate was used in phage inactivation experiments. 
The group C carbohydrate prepared from a S. a/bus enzyme extract of group C streptococcal 
cell walls gave a precipitin reaction with homologous group C antiserum, but not with hetero- 
logous antisera. For phage inactivation experiments, 2 rag. of the carbohydrate was dissolved 
in 0.9 cc. of C broth and mixed with 0.1 cc. of phage lysate diluted to 1 X  l0  T plaque-forming 
particles per cc. As in the previous studies, the mixture was incubated at 37°C., sampled at 
intervals and  the surviving phages were counted.  Control counts were  determined with a 
mixture of phage and C broth. 
Text-fig.  3  shows  the results  of incubating  C1  phage with  the group  C 
streptococcal carbohydrate. The results are plotted as in Text-fig.  2. Over a 
60 minute period,  there was approximately a tenfold decrease in the number 
of plaque-forming  particles,  indicating that the group C carbohydrate inacti- 
vated the group C phage.  Other control tubes included mixtures of C1 phage 
with group A carbohydrate, A12 and A25 phage with group C carbohydrate, 
and A12 and A25 phage with broth alone.  There was no decrease  of phage 
titer in these controls  over a  2 hour period.  Identical results were obtained 376  BACTERIOPHAGES  OF HEMOLYTIC  STREPTOCOCCI. I 
with a second batch of group C carbohydrate prepared from a different strain 
of group C streptococci. A comparison of the rhamnose and hexosamine con- 
tent of groups A and C carbohydrate preparations are indicated in Table VI. 
The results on the carbohydrates prepared from both strains of group C strepto- 
cocci indicate a  rhamnose-hexosamine ratio of 1,  while extensive experience 
with group A carbohydrate reveals a ratio which approaches two (18). 
Extensive studies  with group A  cell walls,  crude enzymatic extracts,  and 
group A  carbohydrate on the infectivity of group A  phages  have not  been 
successful  in  demonstrating  phage  inactivation.  Preliminary  experiments 
indicated that group A  phages were readily adsorbed onto the group A  cell 
walls,  but this proved to be a  reversible reaction since the adsorbed phages 
were still plaque-forming particles. Furthermore, this reversible reaction was 
non-specific and occurred with mixtures of group A  and group C  cell wails, 
and group A cell walls and group C phage. 
TABLE VI 
Comparison of Chemical Composition of Group A and C Carbohydrate 
Hexosamin¢  1~hamnose 
per cent  per cent 
Group C, strain 4540  27.8  31.7 
Group C, strain H46A*  23.5  23.4 
Group A average~  23-28  42-49 
* The carbohydrate of this strain was prepared by Dr. hi. McCarty. 
~5 These figures are from McCarty and Lancefield (18). 
It would appear, therefore, that while the evidence suggests that the group- 
specific carbohydrate may play a  role as the phage receptor for the group C 
phage, there is no indication for a similar function for group A carbohydrate. 
The Breakdown  of the Cell Wall during Phage Lysis of Streptococci.--Inves- 
tigation of phage lysates has indicated that at  least a  part  of the bacterial 
cell wall may remain intact following phage lysis (20). Since much is known 
concerning the antigenic and chemical composition of streptococcal cell walls 
prepared by mechanical means (10), experiments were conducted to determine 
the nature of the cellular debris resulting from phage lysis of streptococci. 
In order to visualize  the sediment of a lysate, 100 cc. of a fresh lysate of strain T25/41 was 
centrifuged at 3000 R.r.~. in a refrigerated angle head centrifuge, and the small quantity of 
sedimented material washed two times in 20 cc. of distilled water, and examined under the 
light microscope  and the phage microscope. The same material was also mounted on grids, 
shadowed with chromium,  and observed under the electron microscope. 
A  Gram stain of the washed sediment of a  lysate showed Gram-negative 
amorphous  debris;  however, a  wet preparation under  the phase microscope Ric~m~  ~.  x~sv.  377 
revealed a suspension of cell wall ghosts of streptococci. An electronmicrograph 
of this material is shown in Fig.  1. The structures are somewhat uneven and 
irregular with a beaded border which is felt to represent the heads of adsorbed 
phages.  Free bacteriophages with  the  characteristic  head  and  tail  structure 
are also apparent and may have been liberated from the cell walls by suspension 
in distilled  water.  Fig.  2  shows cell walls  of strain  T25/41  prepared  by the 
Mickle  disintegrator. It is  clear from a  comparison of the  two preparations 
that the structures from a phage lysate are more irregular and less uniform in 
density than the cell walls obtained by mechanical means. This suggests that 
during  phage lysis there has been some disintegration of cell wall structure. 
The experiments to follow were designed  to show  that cell wall constituents 
are present in both a sedimentable and a non-sedimentable fraction of a lysate, 
thus  indicating  destruction  of  the  cell wall when  a  culture  undergoes  lysis. 
This was demonstrated by antigenic and chemical analysis of a  lysate, which 
revealed that the group-specific cell wall carbohydrate was present in sedimen- 
table and  soluble fractions. 
A25 phage was added to a culture of "1"25/41 in the logarithmic phase of growth. Lysls oc- 
curred in 35 minutes. Bacterial counts using the pour plate technique indicated the colony 
count fell from l0  s to 104 with phage lysis of the culture. Ten cc. of lysate was centrifuged at 
10,000 R.r.~. for 1 hour, the sediment taken up in distilled water and divided into 2 portions. 
A S. a/bus enzyme extract was prepared with one portion and the presence of the group C 
carbohydrate demonstrated by group-specific  antiserum. By comparing the precipitin reactions 
of dilutions of this extract with dilutions of a solution of known group carbohydrate concen- 
tration  it was possible to estimate the amount of group carbohydrate in the sedimentable 
fraction. Rhamnose was determined in the second portion of the sedimentable fraction. 
The non-sedimentable group C carbohydrate was recovered from the lysate as follows. 
Twenty cc. of the T25/41 lysate was centrifuged at 10,000 R.r.~. for 1 hour, and the carbo- 
hydrate in the supernate precipitated by the  addition of antibody.  This  carbohydrate  was 
recovered from the antigen-antibody precipitate by a  published procedure  (18). Carbohy- 
drate  obtained in this fashion was  identified  serologically by  group  antiserum  and  the 
amount estimated by the method described in the preceding paragraph. Rhamnose was also 
determined. 
Table VII gives the analytical data from these experiments. Approximately 
equal  quantities  of  group  A  carbohydrate are  present  in  the  sedimentable 
and the non-sedimentable fraction of strain T25/41 lysate. McCarty has shown 
that all of the rhamnose of the cell wall is in the group carbohydrate component 
(10).  Therefore the identification  of rhamnose in the sedimentable and non- 
sedimentable fractions confirms the presence of group carbohydrate in  both 
fractions.  These  chemical data  certainly  suggest  that  antigenic  components 
are broken off from the cell wall during phage lysis of a  streptococcal culture. 
Parallel observations with group C  streptococcal lysates have not been ex- 
tensive,  but  certain facts are of interest.  There obviously was less cell wall 
debris obtained from centrifuged group C streptococcal lysates than from strain 378  BACTERIOPHAGES  OF  ttEMOL~/TIC  STREPTOCOCCI.  I 
T25/41 lysate. Analysis d  the distribution of rhamnose in a group C lysate is 
only preliminary,  but  it  indicates  that  the  non-sedimentable  fraction  con- 
tains much more rhamnose than  the sedimentable fraction. Both the soluble 
and  the sedimentable fraction of the  carbohydrate gave a  specific group  C 
precipitin reaction with streptococcal grouping rabbit antisera. It seems likely 
that this breakdown of the cell wall with release of antigens may be due to an 
enzyme either associated with or entirely separate from the phage particle. 
Observations  on a Labile Lyric Factor in Group C Phage Lysates.--In pursuing 
an  explanation  for the  mechanism  of  this  cell  wall breakdown with  phage 
lysis,  it was observed that fresh phage lysates in certain cases lysed strepto- 
coccal cultures in a period of 5 minutes. This was particularly evident when a 
fresh group C phage lysate was added to a  group C  culture, but it was not 
consistently demonstrable with group A phage lysates and group A strepto- 
TABLE VII 
Distribution of Rhamnose and C Carbohydrate in the Sedimentable and Soluble  Fractions of 
Cell Wall Carbohydrate  from a Phage Lysate of 1"25 Hemolytic Str~ itococci 
Sample 
Lysate 1 cc., scdimentable fraction 
Lysste 1 cc., soluble fraction 
Rhamnose 
Experiment I  Experiment II 
/~g,  #g. 
6.02  5.27 
6.93  3.24 
C Carbohydrate 
determined 
serologically 
Experiment II 
/~g. 
6.24 
6.24 
cocci. Of special interest for the study of group A streptococci, however, was 
the lyric activity of fresh group  C  lysates for group  A  streptococci. Upon 
testing the effect of serial dilutions of a fresh group C lysate on rapidly growing 
cultures, the immediate lysis of the group A streptococci was more apparent 
than  that  of the group  C  streptococci. For example, group A  cultures were 
lysed in 5 minutes by a 1:16 dilution of fresh group C lysate, whereas group C 
cultures were lysed only by the undiluted lysate in the same period of time. 
Of particular  interest  is  the fact  that  the supematent  fluids  of these lysed 
cultures  contain  their  respective group-specific  carbohydrates.  Immediately 
after lysis, the cultures were centrifuged to remove bacterial debris and  the 
group carbohydrates identified in the supernate with the group-specific  anti- 
sera using ring tests. Thus during this immediate lysis of a  culture following 
the addition of group C lysate the group-specific  carbohydrate of the cell wall 
is released in a serologically active form. It seems unlikely that this phenomenon 
is "lysis from without" since the phage count was not appreciably higher than 
the  bacterial  count.  Furthermore,  the  earlier  studies  in  this  paper  clearly 
indicate that group C phage do not lyse group A streptococci to any significant 
extent. This immediate lysis only occurs when fresh group C lysate is used in ,ucm~m~ ~.  x~.USE  379 
the experiments. A C1 lysate after storage at 4°C. for several days is no longer 
active, though it still contains infectious phage particles. 
These considerations seemed to suggest that lysis of a culture was occurring 
following  the addition of a lysate which did not require the complete cycle of 
viral  attachment,  penetration,  and  replication  ending  in  cell  lysis.  Such  a 
view was confirmed by using cell walls rather than living streptococci in experi- 
ments to demonstrate this immediate lyric effect. 
Cell walls of streptococcal group C strain 26RP66 and group A strain T12 were prepared as 
described. Suspensions of the cell walls in distilled water were adjusted to the same optical 
density. To the cell wall from 1 cc. of each suspension was added  1 cc. of a  fresh group C 
lysate.  The mixtures were incubated at 37°C.,  agitated every 5  minutes,  and  the optical 
density determined at 630 nag. 
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TExT-FIG. 4. Lysis of groups A and C cell walls by a fresh group C phage lysate 
The decrease in turbidity of groups A and C cell walls suspended in fresh 
group C lysate is illustrated in Text-fig. 4. This indicates there has been lysis 
of the cell wall,  a view which is confirmed by the serological  identification of 
the group-specific carbohydrate in the supernatant  fluids obtained from the 
suspensions centrifuged at the end of the incubation period. 
Thus fresh group  C  lysates contain a  labile lyric factor which lyses both 
groups A and C streptococci and their isolated cell walls with release of cell 
wall carbohydrate into solution. Communication with W. R. Maxted indicates 
he has observed a  similar phenomenon.  It is interesting  that  this process as 
well as regular phage lysis of a  culture results in the release of group carbo- 
hydrate from the cell wall, suggesting in each case an enzymatic process similar 
to the S.  albus enzyme action on streptococcal cell walls.  The nature of this 
labile lytic factor in group C lysates and its possible relationship to the usual 
process of phage lysis is under investigation. 380  BACTERIOPHAGES  OF  H~OLYTIC  STREPTOCOCCI.  I 
DISCUSSION 
The experiments described in this paper deal with the relationships between 
hemolytic streptococci and  their  bacteriophages.  In  particular,  an  attempt 
has been made to determine whether the bacteriophage receptor on the cell 
surface can be identified with any of the known antigenic or chemical  com- 
ponents  of the streptococcal cell wall.  A  possible clue to  the nature  of the 
receptor is provided by the fact that the limited collection  of bacteriophages 
studied possess group specificity.  Thus, the group A phages do not lyse group 
C streptococci and  vice versa,  and it is suggested that  the receptors may be 
related to structures concerned with group specificity.  At the same time, the 
host range studies indicate that type-specific components of the group A cell 
surface are probably not intimately concerned with phage attachment,  since 
several different types of group A streptococci can be lysed by the same bac- 
teriophage. The serologic experiments with phage rabbit antisera indicate that 
the several group A phages are related immunologically and quite distinct from 
the group C phage. Such results parallel the experience  with some other phage 
bacterial systems; namely that phages which share host range are serologically 
homologous while phages of antigenically distinct bacteria are heterologous. 
In further study of the phage receptors, it was necessary to take into con- 
sideration the various factors which interfere with phage lysis. The occurrence 
of these factors is well illustrated by the finding that not all strains of group A 
streptococci within  a  single  type are lysed by the homologous phage.  The 
presence of a  hyaluronic acid capsule was shown by ~Iaxted  (6)  to be one 
factor which can lead to phage resistance. This observation and the fact that 
the effect can be eliminated by hyaluronidase were confirmed  in the present 
study. A second factor which can be responsible for phage resistance is lysog- 
eny,  since  an  organism  carrying  a  temperate phage is usually found to be 
immune  to  infection.  Lysogeny of group  A  streptococci has  been reported 
previously (7), and in the present studies it was shown to be of significance by 
the finding  that one of the type 12 resistant strains was lysogenic.  A possible 
third  factor which influences  the efficiency  of infection of group A  strepto- 
cocci by phage is suggested by the work of Maxted  (6)  indicating  that  the 
presence  of M  protein,  or  other  surface protein  digestible by trypsin,  can 
reduce the susceptibility to lysis. However in the present study both 1VI and 
non-M variants of a given type were lysed by the homologous phage. 
In addition to these factors there must be others, as yet undefined,  which 
are responsible for the limited type specificity of group A phages. However, 
after these exceptions are noted it is clear that  sensitivity of streptococci to 
the phages studied is most closely related to serological  group. This view is 
supported by the finding  that the group C cell wall carbohydrate specifically 
inactivates group C phage. This carbohydrate has no effect on group A phage ~CHAgI~ 5.  KgXVS~.  381 
nor does the group A cell wall carbohydrate inactivate group C phage. As in 
the case of group A  carbohydrate, rhamnose  and hexosamine are the major 
constituents  of the  group  C  carbohydrate,  but an  additional  amino  sugar, 
galactosamine,  is also present  (21).  There  is no  significant  serological  cross 
reaction between the two carbohydrates. 
The observations relating the cell wall carbohydrate to the inactivation of 
group C phage are not parallelled in the case of group A phages. It has not 
been possible to demonstrate inactivation of group A phages either with group 
A  carbohydrate or with  intact  group A  cell walls.  While it is possible that 
some alteration or blocking of the carbohydrate may be responsible for these 
results,  the simplest interpretation  is that  some entirely different substance 
may serve as the receptor site. This latter view receives some support from 
the fact  that  A1  phage lyses both K43  and  K43 variant  streptococci. The 
serological  specificity of group A  carbohydrate appears to depend largely on 
N-acetylglucosamine side-chains  which are entirely lacking in the carbohydrate 
of variant strains such as 1(43 variant (22). Thus, it is clear that the presence 
of the classical group A carbohydrate is not necessary for phage sensitivity. 
In the extensive studies with other bacterial virus systems, it has frequently 
been possible to demonstrate specific inhibition of phage by antigens extracted 
from the bacterial cell (8).  However, it should be mentioned that in certain 
instances purification of the somatic antigen results in loss of antiviral activity. 
Thus the lipocarbohydrate of Phase II Sh. sonnel obtained by degradation of 
the lipomucoprotein does not inactivate phages T2 and T6, even though the 
original  somatic antigen inactivates all  of the phages to which Phase II Sk. 
sonnei is susceptible (23). 
The  observation  that  fresh  group  C  lysates  can  bring  about immediate 
lysis of group A streptococci and their isolated cell walls is of interest from 
many points of view. The  findings  indicate  that  lysis is dependent  on  the 
presence of a  relatively labile accessory lyric factor. This effect of group  C 
lysates has been independently observed by Maxted, and in all probability it 
is responsible for the phenomenon of "nascent bacteriophage" described by 
Evans many years ago (4). Evans found that group A streptococci were lysed 
by group C phage if living  group C streptococci were added to the mixture. 
Under these conditions, the lyric factor released by bacteriophage lysis of the 
group C streptococci would in turn lyse the group A organisms. 
Evidence has been presented which indicates  that  phage lysis of strepto- 
cocci results in considerable disintegration of the cell wall. There are interesting 
similarities  between this process and the immediate  lysis of groups A and  C 
cell walls by the labile lyric factor of group C phage lysates. Both processes 
result  in  the  release of group carbohydrate into solution. This action on the 
cell wall suggests the possibility of an enzymatic effect comparable to that of 
the non-proteolytic component of the Streptomyces albus enzyme. 382  BACTERIOPHAGES  017 HEMOLYTIC  STREPTOCOCCI.  I 
SUMMARY 
The host ranges of bacteriophages for group A, types 1, 6,  12, and 25 and 
group  C  streptococci have  been determined.  The  findings  indicate  that  the 
susceptibility  to  these  phages is primarily  a  group-specific phenomenon,  al- 
though  it is modified by several factors such as the hyaluronic  acid capsule, 
lysogeny, and possibly the presence of surface proteins. Phage antibody studies 
indicate  that  while  the  group  A  phages  are  antigenically  related,  they  are 
distinct  from the group  C phage.  This is in agreement  with  the observation 
that group A phages are not specific for their homologous streptococcal types. 
The purified group C carbohydrate inactivates group C phage but not the 
group A  phages,  thus suggesting  that  the carbohydrate,  a  component of the 
cell wall,  may serve as the phage  receptor  site.  It has  not  been possible to 
inactivate the group A phages with group A carbohydrate. 
Phage lysis of groups A and C streptococci is accompanied by fragmentation 
of  the  ceil wall  since  the  C  carbohydrate  has  been  identified  serologically 
and chemically in the supernate of centrifuged lysates. The immediate lysis of 
groups  A  and  C  hemolytic  streptococci  and  their  isolated  cell walls by an 
accesory heat-labile lytic factor in fresh group C lysates is also described. 
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EXPLANATION  OF PLATE 37 
The micrographs were made through the courtesy of Dr. Keith R. Porter. 
FIo. 1. Electromnicrograph of the centrifuged  sediment of a phage lysate of strain 
T25/41.  Preparation  shadowed  with  chromium at an angle of  12  °.  Magnification 
approximately 12,000. 
FIG. 2. Electronmicrograph of cell walls of streptococcal strain T25/41  disrupted 
in the Mickle disintegrator. Preparation shadowed  with chromium at an angle of 12  °. 
Magnification  approximately  12,000. TttE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 106  PLATE  37 
(Krause: Bacteriophages of hemolytic streptococci. I) 